Huntington's disease (HD) is a progressive neurodegenerative illness for which there is no effective therapy. We examined whether creatine, which may exert neuroprotective effects by increasing phosphocreatine levels or by stabilizing the mitochondrial permeability transition, has beneficial effects in a transgenic mouse model of HD (line 6/2). Dietary creatine supplementation significantly improved survival, slowed the development of brain atrophy, and delayed atrophy of striatal neurons and the formation of huntingtin-positive aggregates in R6/2 mice. Body weight and motor performance on the rotarod test were significantly improved in creatine-supplemented R6/2 mice, whereas the onset of diabetes was markedly delayed. Nuclear magnetic resonance spectroscopy showed that creatine supplementation significantly increased brain creatine concentrations and delayed decreases in N-acetylaspartate concentrations. These results support a role of metabolic dysfunction in a transgenic mouse model of HD and suggest a novel therapeutic strategy to slow the pathological process.
Huntington's disease (HD) is an autosomal dominant progressive neurodegenerative disease that starts in midlife and inexorably leads to death. The mean survival after onset is 15-20 years, and at present there is no known effective treatment for HD. The mutation that causes the illness is an expanded CAG/polyglutamine repeat stretch that has been postulated to confer toxic effects by several different mechanisms (The Huntington's Disease Collaborative Research Group, 1993) . The protein product of the HD gene, huntingtin, is expressed ubiquitously in both the nervous system and peripheral tissues (Strong et al., 1993; Landwehrmeyer et al., 1995; Sharp et al., 1995; Ferrante et al., 1997) .
A breakthrough in HD research was the development of transgenic mouse models. Transgenic mice expressing exon 1 of the human HD gene with an expanded CAG repeat develop a progressive neurological disorder (Mangiarini et al., 1996) . These mice (line R 6/2) have CAG repeat lengths of 141-157 (normal, Ͻ35) , under the control of the human HD promoter. At ϳ6 weeks of age the R6/2 mice show loss of brain and body weight, and at 9 -11 weeks they develop an irregular gait, abrupt shuddering, stereotypic movements, resting tremors, and epileptic seizures. The mice show an early decrease of several neurotransmitter receptors (Cha et al., 1998) . The brains of R6/2 mice appear normal in most respects, however, neuronal intranuclear inclusions that are immunopositive for huntingtin and ubiquitin are detected in the striatum at 4.5 weeks . Neuropil, cytoplasmic, and neuronal inclusions are also found in human HD Gutekunst et al., 1999; Kuemmerle et al., 1999) .
A secondary effect of the gene defect may be impaired energy metabolism that may contribute to neuronal death. Consistent with this hypothesis, we and others found that: (1) lactate is elevated in the cerebral cortex and basal ganglia of patients with HD, (2) there is reduced phosphocreatine/inorganic phosphate in resting muscle of HD patients, (3) mitochondrial toxins produce selective damage in the striatum of animals, which closely resembles the pathology of HD, and (4) there are reductions in mitochondrial electron transport enzymes in HD postmortem tissue (Jenkins et al., 1993; Brouillet et al., 1995; Gu et al., 1996; Browne et al., 1997; Koroshetz et al., 1997) . Recent studies show increased susceptibility of mitochondria to depolarization in HD lymphoblasts and fibroblasts (Gutekunst et al., 1996; Sawa et al., 1999) . Our studies in R6/2 mice show that they develop marked decreases in N-acetylaspartate (NAA) concentrations before neuronal loss (Jenkins et al., 2000) and increased vulnerability to the mitochondrial toxin 3-nitropropionic acid (Bogdanov et al., 1998) . This may be a consequence of mitochondrial dysfunction .
If mitochondrial impairment plays a role in neuronal dysfunction in the R6/2 mice, then buffering intracellular energy levels may ameliorate the neurodegenerative process in these animals. Creatine kinase and its substrates creatine and phosphocreatine constitute an intricate cellular energy buffering and transport system connecting sites of energy production (mitochondria) with sites of energy consumption (Hemmer and Wallimann, 1993) . Creatine administration increases brain concentrations of PCr and inhibits activation of the mitochondrial permeability transition (MPT), both of which may exert neuroprotective effects (Hemmer and Wallimann, 1993; O'Gorman et al., 1996) . We previously showed that creatine administration is neuroprotective in mitochondrial toxin models of HD (Matthews et al., 1998) . In the present study, we examined whether creatine administration exerts beneficial effects on survival as well as the behavioral and neuropathological phenotype in R6/2 mice.
MATERIALS AND METHODS
Transgenic H D mice of the R6/2 strain and littermate controls were obtained from Jackson Laboratories (Bar Harbor, M E). The male R6/2 mice were bred with females from their background strain (B6 CBAFI / J). The offspring were genotyped by PCR assay of DNA obtained from tail tissue. CAG repeat length, using a PCR radioassay method (Wheeler et al., 1999) , was examined to ensure that a drift in number of CAG repeats did not play a role in the outcome of the studies (courtesy of Dr. Marcy MacDonald, Massachusetts General Hospital). The repeat length remained stable within a 151-154 range. Transgenic mice were housed in microisolator cages in a modified barrier facility. A 12 hr light /dark cycle was maintained, and animals were given ad libitum access to food and water. Groups (n ϭ 25) of transgene negative and positive R6/2 mice from the same "f " generation were placed on either unsupplemented diets or diets supplemented with 1, 2, or 3% creatine at 21 d of age (Avicena Group, C ambridge, M A). Approximately 200 mice were used in the survival studies. Behavioral testing (rotarod). Mice were given 2 d to become acquainted with the rotarod apparatus (Columbus Instruments, Columbus, OH). Testing commenced on day 23. Mice were placed on a rod that was rotating at 10 rpm. Each mouse was given three trials for a maximum of 180 sec for each trial. The length of time at which the mouse fell off the rotating rod was used as the measure of competency on this task. Mice were tested twice weekly until the R6/2 mice were unable to perform the task.
Body weights. Mice were weighed twice a week at the same time of day. Survival. Mice were observed twice daily, in the morning and late afternoon. The criterion for killing was the point in time when the mice were unable to initiate movement after being gently prodded for 10 min. T wo independent observers confirmed this criterion, and this point was used as the time of death.
NMR spectroscopy. We performed in vivo spectroscopy at 4.7 T (GE Omega C SI; GE, Freemont, CA) using a sinusoidal bird cage coil (diameter, 20 mm). Mice were anesthetized using halothane/ N 2 O/O 2 anesthesia (1.5% halothane; 2:1 O 2 /N 2 O). Body temperature was maintained using two water blankets surrounding the body at 38°C. L ocalized proton spectroscopy was run using a PRESS sequence (Bottomley, 1987) , with an echo time (TE) of 136 msec and a repetition time (TR) of 2 sec. Spectral width was 2 kHz with 1024 complex points. Six hundred averages were acquired for each spectrum. The transmitter frequency was placed between the NAA and creatine resonances. Voxels were placed symmetrically around both basal ganglia with an average voxel size of 6 ϫ 3.5 ϫ 3 m (63 l). Spectra were analyzed using the NMR1 software program (New Methods Research, Syracuse, N Y). Spectra were integrated, and the choline peak was normalized to the signal-to-noise of a water spectrum run from the same voxel without water suppression, but with a TR / TE of 10,000/20 msec and eight averages. The NAA and total creatine values were then taken as a ratio to the choline peak.
Histolog ical evaluation. At 21 d, R6/2 transgenic mice and negative littermate controls were fed 2% creatine-supplemented and unsupplemented diets. Groups of 20 animals were deeply anesthetized and then transcardially perf used with 4% buffered paraformaldehyde at 21, 28, 42, 63, and 90 d. The brains were removed, post-fixed with the perf usant for 2 hr, weighed, cryoprotected in a graded series of 10 and 20% glycerol /2% DMSO solution, subsequently serially frozen sectioned at 50 m, stored in six well tissue collection clusters, and stained for Nissl substance (cresyl violet). Serially cut tissue sections were immunostained for huntingtin using an antibody (EM48; dilution, 1:1,000) that recognizes the first 256 amino acids of human huntingtin lacking the polyglutamine and polypeptide stretches (courtesy of Dr. X iao-Jiang Li) . The antibody reacts with N-terminal fragments of huntingtin expressed by transfection. It is a sensitive marker of huntingtin aggregation. An antibody to ubiquitin (dilution, 1:200; Dako, C arpinteria, CA) was used in tissue sections to confirm the presence of aggregates.
Stereolog y and quantitation. Serial-cut coronal tissue sections from the rostral segment of the neostriatum to the level of the anterior commissure (interaural 5.34 mm / bregma 1.54 mm to interaural 3.7 mm / bregma Ϫ0.10 mm) (Franklin and Paxinos, 1997) , including the primary motor cortex, were used for neuronal and huntingtin aggregate analysis. Unbiased stereological counts of huntingtin-positive aggregates (Ն1.0 m) were obtained from the neostriatum and layer 6 of the neocortex in 10 animals from unsupplemented and 2% creatine-supplemented R6/2 mice at 28, 42, 63, and 90 d using Neurolucida Stereo Investigator software (Microbrightfield, Colchester, V T). The total areas of the neostriatum and motor cortex were defined in serial sections in which counting frames were randomly sampled. The dissector counting method was used in which huntingtin-positive aggregates were counted in an unbiased selection of serial sections in a defined volume of the neostriatum and neocortex. Striatal neuron areas were analyzed by microscopic videocapture using a Windows-based image analysis system for area measurement (Optimas; Bioscan Incorporated, Edmonds, WA). The software automatically identifies and measures profiles. All computer-identified cell profiles were manually verified as neurons and exported to Microsoft E xcel. Cross-sectional areas were analyzed using Statview.
Glucose tolerance test. After 6 -7 hr of fasting, baseline levels of glucose were measured. The mice were lightly anesthetized with isoflurane gas, and tail vein blood was collected. The mice were subsequently given a bolus injection of glucose (1.5 gm / kg, i.p.), and plasma glucose levels were measured 30 and 60 min later with Lifescan One Touch basic glucose monitoring system (Johnson & Johnson) and validated by semiautomatic glucose oxidase enzyme assay (Beckman).
Statistics. Statistical comparisons for survival were made by the Mantel-Cox log-rank test. Statistical comparisons of other parameters were made by ANOVA or repeated measures ANOVA of other parameters followed by the Fisher's least significant difference test.
RESULTS
The effects of oral administration of creatine in the diet on survival in H D transgenic mice are shown in Table 1 . Oral administration of 1% creatine or 2% creatine in the diet dose-dependently improved survival. Administration of 3% creatine significantly improved survival, but was not as effective as either 1 or 2% creatine. Oral administration of 2% creatine was significantly more efficacious than 3% creatine ( p Ͻ 0.0001). The mean survival in controls increased from 97.6 Ϯ 0.7 d to 106.6 Ϯ 0.5 d with 1% creatine ( p Ͻ 0.0001), to 114.6 Ϯ 0.9 d with 2% creatine ( p Ͻ 0.0001), and 101.9 Ϯ 1.0 d with 3% creatine ( p Ͻ 0.0002). The percentage increase in survival for 1, 2, and 3% creatine was 9.4, 17.4, and 4.4%, respectively. The effects of oral administration of creatine in the diet on rotarod performance between 21 and 90 d are shown in Figure 1 . There was a dose-dependent effect of creatine supplementation. Oral administration of 2% creatine significantly improved rotarod performance throughout the entire measured (4 -13 weeks) life span of the R6/2 mice in contrast to unsupplemented R6/2 mice (2% creatine, 156 Ϯ 20 sec; unsupplemented, 88 Ϯ 39 sec, p Ͻ 0.001, data represents combined means and SDs from 5 to 12.5 weeks). Dietary supplementation with 1% creatine resulted in significant motor improvement from 5 to 10 weeks (1% creatine, 161 Ϯ 14 sec; unsupplemented, 114 Ϯ 28 sec, p Ͻ 0.001, data represents combined means and SDs from 5 to 10 weeks), with no significance observed after 10 weeks. Oral supplementation using 3% creatine had no significant effect on rotarod performance. The percent increase in rotarod performance for 1, 2, and 3% creatine was 25, 33, and 6.5%, respectively.
The effects of oral administration of creatine on body weight in H D transgenic mice are shown in Figure 2 . Whereas all creatine regimens resulted in significant improvement of body weight in comparison to unsupplemented R6/2 mice, 2% dietary creatine supplementation resulted in a significantly greater body weight gain in R6/2 mice ( p Ͻ 0.01) than either 1 or 3% creatine supplementation ( p Ͻ 0.02). Significantly greater body weight measurements were present throughout the temporal sequence of measurements (5-13 weeks) in 1 and 2% supplemented R6/2 mice, but were only found from 10 -13 weeks in the 3% supplemented group. The total percentage of increase in body weight from 4 to 13 weeks for 1, 2, and 3% creatine-fed R6/2 animals in comparison to unsupplemented R6/2 mice was 6.8, 10.3, and 6.5%, respectively. In comparison to transgene-negative littermate control mice, significant body weight loss in 2% creatine-supplemented mice was delayed until 10 weeks of age. In contrast, significant body weight loss began after 6 weeks in untreated R6/2 mice (data not shown).
Gross brain weights of unsupplemented R6/2 mice decreased significantly over time until death in comparison to both transgene-negative littermate control mice and 2% creatine-supplemented R6/2 mice at all time points (Table 2) . By 90 d, there was a 20.4% reduction in brain weight in contrast to littermate control mice. In comparison, there was no Figure 1 . Effects of 1, 2, and 3% creatine on rotarod performance. There was significantly improved performance in R6/2 HD transgenic mice with 2% creatine supplementation throughout the temporal sequence of the experiment (4 -13 weeks) ( B), from 5-10 weeks in 1% creatine-treated mice ( A), with significance only occurring at 6 weeks in the 3% creatinetreated R6/2 mice ( C). Figure 2 . Effects of 1, 2, and 3% creatine on body weight in R6/2 HD transgenic mice. Whereas significantly greater body weight was observed throughout the measured temporal sequence in 1% (except 6 weeks) and 2% creatine-supplemented R6/2 mice, significance was present only from 10 to 13 weeks in the 3% treated mice. significant decrease in brain weight in the 2% dietary creatinesupplemented R6/2 mice as compared to controls until end stage measurements at 90 d. At that time there was a 6.8% difference in brain weight (Table 2) . Coincident with brain weight loss, progressive marked gross atrophy was present in the unsupplemented R6/2 brains, especially within the neostriatum (Fig. 3) . The striatal atrophy was reminiscent of the neuropathological grading we observed in Huntington's disease (Vonsattel et al., 1985) , such that there was bilateral ventricular enlargement with a flattening of the medial aspect of the striatum in the late stages of the illness. Dietary 2% creatine supplementation reduced gross brain atrophy in R6/2 mice in comparison to the untreated R6/2 mice (Fig. 3) .
Consistent with the gross brain weight loss and striatal atrophy, there was significant progressive atrophy of striatal neurons from 21 to 90 d in the unsupplemented R6/2 mice with a 37.9% overall decrease in area measurements (striatal neurons R6/2 at 28 d, 88.8 Ϯ 10.7 m 2 ; striatal neurons R6/2 at 90 d, 55.1 Ϯ 16.8 m 2 ; p Ͻ 0.001) (Figs. 4, 5) . The cytoprotective effect of 2% creatine significantly delayed striatal neuron atrophy. There were no significant differences in neuronal areas in 2% creatine-supplemented R6/2 mice until endstage measurements at 90 d of age (Fig. 4) .
We examined six mice fed with 2% creatine and eight unsupplemented mice using NMR spectroscopy at 51-57 d of age. As compared with unsupplemented mice, there was a significantly higher NAA /choline ratio in the creatine-fed mice (0.37 Ϯ 0.06 vs 0.48 Ϯ 0.03; p Ͻ 0.05). The creatine/choline was significantly increased from 0.67 Ϯ 0.04 to 0.83 Ϯ 0.07 ( p Ͻ 0.01). In a total of 13 mice fed creatine compared to 14 mice on unsupplemented diets, including mice older than 70 d of age, the NAA /choline ratio was 0.54 Ϯ 0.03 vs 0.45 Ϯ 0.04 ( p ϭ 0.09). In the total group the creatine/choline was 0.85 Ϯ 0.04 vs 0.72 Ϯ 0.03 ( p Ͻ 0.01). When normalized to a water standard, there was a significant 21.3 Ϯ 3.8% increase in brain creatine concentrations. In the creatine-treated mice there was a significant correlation between NAA /choline and Cr/ choline ( p Ͻ 0.01) that was not seen in the unsupplemented mice (Fig. 6 ).
An analysis of the formation of aggregates in the neostriatum and cortex of R6/2 mice showed an early and progressive accumulation of huntingtin-positive aggregates, as well as an increase in aggregate size, from 21 d of age to the data collection end point at 90 d. Aggregates were much more prominent within the cortex in comparison to the neostriatum. Dietary supplementation with 2% creatine resulted in a significant reduction in striatal aggregate number throughout treatment at each measured time point (Figs. 7, 8 ). At 28, 42, 63, and 90 d, the percentage of decrease in aggregate number as compared with unsupplemented mice was 60, 51, 35, and 39%, respectively. A similar trend toward decreased aggregate number was present within the cortex in 2% creatine-treated R6/2 mice, however these decreases were not significant (Figs. 7, 9 ).
In the unsupplemented R6/2 mice, there was an increase of huntingtinpositive aggregates in the pancreatic Islets of Langerhan over time that was first observed at 42 d and became most prominent at 90 d (Fig. 10) . Little or no detectable huntingtin-positive aggregates were observed in the pancreatic stroma. Dietary 2% creatine significantly reduced aggregate number in the pancreas of 90-d-old R6/2 mice (2% creatine, 57 Ϯ 12/field; unsupplemented, 139 Ϯ 15/field; p Ͻ 0.001) (Fig. 10) . Furthermore, administration of 2% creatine significantly delayed the onset of diabetes as assessed by a glucose tolerance test at 8.5 weeks of age (Fig. 11) .
DISCUSSION
The development of transgenic mouse models of neurodegenerative diseases provides a major advance for studying disease pathogenesis and for developing therapeutics. If therapeutic effects in the transgenic mice are shown to be predictive of beneficial effects in man, then this will allow rapid screening for new therapies. As discussed above, there is substantial evidence that energy dysfunction occurs in HD, and that this may play a role in cell death. Creatine administration, as discussed below, has several potential neuroprotective effects, including buffering of intracellular energy reserves, stabilizing intracellular calcium, and inhibiting activation of the MPT, all of which have been linked to excitotoxic and apoptotic cell death (O'Gorman et al., 1997; Leist and Nicotera, 1998 ; Lipton and Nicotera, 1998). The brain isoform of creatine kinase along with the mitochondrial isoform and the substrates creatine and phosphocreatine constitute a system that appears to be critical in regulating energy homeostasis in the brain (Hemmer and Wallimann, 1993) . There is evidence for a direct functional coupling of creatine kinase with sodium potassium ATPase, neurotransmitter release, maintenance of membrane potentials, and restoration of ion gradients after depolarization (Dunant et al., 1988; Hemmer and Wallimann, 1993 ). An important role of creatine kinase in the adult brain is supported by in vivo 31 P NMR transfer measurements. These show that creatine kinase flux correlates with brain activity as measured by the EEG, as well as with amounts of 2-deoxyglucose uptake in the brain (Sauter and Rudin, 1993; Corbett and Laptook, 1994) . We previously showed that administration of creatine increases brain phosphocreatine concentrations and buffers against toxin-induced depletions (Matthews et al., 1998) .
Creatine kinase also appears to be coupled directly or indirectly to energetic processes required for calcium homeostasis (Wallimann et al., 1992; Steeghs et al., 1997) . Creatine pretreatment delays increases in intracellular calcium produced by 3-nitropropionic acid in cortical and striatal astrocytes in vitro (Deshpande et al., 1997) . Another potential neuroprotective mechanism is the ability of phosphocreatine to stimulate synaptic Figure 5 . Photomicrographs of Nissl-stained tissue sections from the dorsomedial aspect of the neostriatum (A, C, E, G) and 2% creatinesupplemented (B, D, F, H ) R6/2 HD transgene mice at 4 (A, B), 6 (C, D), 9 (E, F ), and 13 (G, H ) weeks. Note the progressive loss in neuronal size in the unsupplemented R6/2 group, with delayed neuronal atrophy in the 2% creatine-supplemented R6/2 mice. Scale bar, 100 m. Figure 6 . Correlation between creatine and NAA levels in HD transgenic R6/2 mice. Correlation between NAA and CR in unsupplemented mice was not significant. Figure 7 . Graphs of the temporal sequence in the number of huntingtinpositive aggregates in the neostriatum ( A) and motor neocortex ( B) at 4, 6, 9, and 13 weeks. There was a significant delay in the formation of aggregates within the striatum in 2% creatine-supplemented R6/2 mice, in comparison to unsupplemented R6/2 mice. Although a similar trend was observed in the neocortex, significance was not obtained. glutamate uptake and thereby reduce extracellular glutamate (Xu et al., 1996) .
Lastly, creatine may protect against activation of the MPT, which is associated with both apoptotic and necrotic cell death (Bernardi et al., 1998) . The MPT is a Ca 2ϩ -dependent increase of the inner membrane permeability to ions and solutes of up to 1500 Da. Mitochondrial creatine kinase is implicated in a functional interaction between the outer membrane voltagedependent anion channel and the inner membrane adenylate translocator, which are components of the MPT (Brdiczka et al., 1998) . Creatine administration can stabilize mitochondrial creatine kinase in an octomeric form, which inhibits activation of the MPT (O'Gorman et al., 1997) . Mitochondrial creatine kinase is also a prime target for peroxynitrite-induced damage, which results in dissociation of mitochondrial creatine kinase octomers into dimers (Soboll et al., 1999) . Creatine administration inhibits peroxynitrite-induced modification and inactivation (Stachowiak et al., 1998) . Creatine administration may also increase ADP concentrations, which inhibits activation of the MPT (Bernardi et al., 1998) .
Previous studies showed neuroprotective effects of creatine in vitro and in vivo. Creatine reduces anoxic damage to hippocampal slices in vitro (Carter et al., 1995) . We have found that creatine administration exerts neuroprotective effects against animal models of Huntington's disease produced by administration of the mitochondrial toxins malonate and 3-nitropropionic acid (Matthews et al., 1998) . Creatine administration also attenuates 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced dopamine depletions and substantia nigra neuronal loss . In addition, creatine administration increases survival and improves motor performance in a transgenic mouse model of amyotrophic lateral sclerosis and results in marked neuroprotective effects against the loss of anterior horn motor neurons and substantia nigra dopaminergic neurons .
In the present study, we therefore investigated whether creatine could exert neuroprotective effects in a transgenic mouse model of HD. We found that creatine dose-dependently improved survival in these mice. The increased survival results are comparable to the report of Ona et al. (1999) in which R6/2 mice were crossed with mice with a dominant-negative inhibitor of caspase 1. In that study the maximal increase in survival was 20 d or 20%, whereas in our study 2% creatine increased survival by 17 d or 17.5%. The effect with 3% creatine, however, was less than that seen with either 1% or 2% creatine, consistent with an inverted doseresponse curve. We have made similar observations with mal- onate and MPTP toxicity (Matthews et al., 1998 . The explanation for the inverted dose-response curve is unclear, and at very high concentrations creatine may be toxic, similar to observations with cyclocreatine (Matthews et al., 1998) .
Creatine administration resulted in improved rotarod performance and reduced weight loss in the R6/2 mice. Similar to effects on survival, 2% creatine was most efficacious, with 1% creatine more effective than 3% creatine. Interestingly, the administration of creatine also delayed the onset of diabetes that has been demonstrated in these mice (Hurlbert et al., 1999) . Administration of creatine delayed the development of both striatal and pancreatic huntingtin-positive aggregates, consistent with other recent observations that experimental manipulations can slow the development of nuclear intraneuronal inclusions (Ona et al., 1999) . Cross-sectional areas of striatal neurons in R6/2 and other transgenic models of HD have been recently reported to be reduced (Reddy et al., 1998; Hodgson et al., 1999; Levine et al., 1999) . Consistent with these findings, we found that administration of 2% creatine significantly delayed the development of both neuronal shrinkage, as well as gross atrophy of the brain. Using NMR spectroscopy we showed that 2% creatine significantly increased brain creatine concentrations by 21% and that it significantly attenuated early decreases in N-acetylaspartate concentrations. The increases in creatine peak may largely reflect PCr consistent with our earlier biochemical measurements (Matthews et al., 1998) . We recently found a 53% decrease in N-acetylaspartate concentrations in the R6/2 mice starting at 6 weeks of age (Jenkins et al., 2000) . N-acetylaspartate is a neuronal marker that decreases in HD , however it may also reflect mitochondrial function . NMR spectroscopy could therefore be useful in monitoring therapeutic effects of creatine in patients.
These results provide further evidence that creatine is neuroprotective in animal models of neurodegenerative diseases. Creatine administration is well tolerated in man, results in increased PCr levels, and may have benefits in pathological conditions (Balsom et al., 1994; Dawson et al., 1995; Greenhaff, 1997) . Long-term administration to patients with gyrate atrophy of the choroid in the retina prevented visual field constriction and resulted in improvement of muscle biopsy findings (Sipila et al., 1981) . Several pediatric patients with creatine deficiency accompanied by an extrapyramidal movement disorder showed partial restoration of cerebral creatine concentrations and clinical improvement after oral creatine administration (Stockler et al., 1994 (Stockler et al., , 1996 . Creatine administration has also resulted in significant improvement of patients with the mitochondrial disorder mitochondrial encephalopathy lactic acidosis and strokes (Tarnopolsky et al., 1997) , as well as in patients suffering from neuromuscular disorders (Tarnopolsky and Martin, 1999) . The present findings support a role for metabolic dysfunction in a transgenic mouse model of HD and provide further evidence that treatment with creatine might be a novel therapeutic strategy to slow or halt the progression of neurodegeneration in HD. 
